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ABSTRACT 


PivenseumO-suleched, meodynium laser pulses (1-9 joules), 
were focused into a vacuum chamber containing 5 mil and .5 
mil Mylar targets to investigate the absorption of laser 
madeation by the subsequent plasma produced. Absolute 
fiememrements Of the incident and transmitted laser energies 
were obtained for various background pressures and incident 
beam intensities. The data show that the absorbed energy for 
both the S and .5 mil targets is linearly dependent on the 
input energy. At the same time, however, the percentage of 
energy absorbed is greater in the 5 mil target (78-90%) than 
in the .5 mil target (44-73%). Increased plasma temperatures 
both at higher input energies, and from the .5 mil targets 
ieee partially account for these observed results. Time 
resolved measurements of the incident and transmitted laser 
power pulses were also taken in order to determine the time 
Mependent behavior of the absorption process. The results of 
these measurements substantiated that greater percentages of 
energy were absorbed by the 5S mil target. In addition, the 
measurements revealed a decrease, followed by an unexpected 
imerease, in the transmitted power which would indicate that 
optimum absorption conditions exist relatively early during 


mae eXpansion of the plasma. 
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i. SUNTRODUEIION 


The experimental and theoretical work dealing with 
plasmas produced by focusing high power laser pulses onto 
solid surfaces has been the subject of extensive research 
for the last decade. With many unresolved problems still 
remaining, the work in this field continues to progress in 
search of a feasible solution to the fusion dilemma. 

This study was undertaken to examine the absorption 
mmeesS Of laser radiation Dy a thin Mylar target, in con- 
Junction with simultaneous investigations of the self-induced 
maenetic fields by Leslie McKee. The principle aim of this 
project was to investigate the dependance of the absorption 
process on the energy of the incident laser beam and on the 
background pressures. This was accomplished by taking abso- 
lute energy meaSurements with a laser radiaometer, and by 
photographing time resolved displays of the input and trans- 


mitted laser power pulses. 
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pee 6CLASER SOLID INTERACTION 

The vaporization of solid matter is easily accomplished 
mameans Of high intensity laser radiation. It is important 
to note, however, that vaporization produced by normal pulsed 
lasers 1S quantitatively different from that produced by 
Weewrecned lasers. Therefore, since the laser utilized in 
the experiments was a Q-switch, neodynium laser, attention 
fameieene focused only on the latter case. 

To begin with, consider the mechanism of energy transfer 
when laser light of power densities well below those required 
meme rt the Solid impinges on the surface of the solid. A 
pertion of the light energy is reflected while the remainder 
Is absorbed by the electrons in the material. These excited 
ewectrons transfer their energy through collisions with 
Peecice phonons and other electrons. Many of these colli- 
Sions, which also govern heat transfer, occur during times 
em the order of the duration of the laser pulse. Conse- 
G@ientiy, the optical energy is essentially transferred into 
heat at the point of interaction, and subsequently thermally 
memcducted into the solid. For Q-switched lasers this occurs 
SO rapidly that local equilibrium is also established during 
mie, leneth of the pulse. 

ime mechanism of optical energy transfer to and subse- 


quent heat transfer in the solid are essentially understood. 





So also is the case of the interactions between solids and 
lasers which are of sufficient power densities to cause 
memorization Of the solid material. Prior to summarizing 
the mechanisms describing the dynamics of this process, a 
rough determination will be of approximate order of magnitude 
meaurred Of laser fluxes to Dring about this unique 
phenomenon. 
Mev aponrmzation@ot a Solid 

An estimate of the energy flux, 6, required to induce 
vaporization of solid matter by a nanosecond laser pulse can 
be determined roughly by insuring that the sublimation 
energy of all the solid particles within a thermal wavelength 
of the surface is provided within a time not exceeded by the 


ioe r pulse, t, that is, 


Or y=. ROX. 


Mmere £, the thermal wavelength in the case of optical wave- 
lengths is approximately equal to (et /C)?: K 1s the thermal 
Memawetivity; C 1s the heat capacity per unit volume; and 

do mo tne Sublimation energy per unit mass. Unfortunately 
the thermophysical properties of Mylar, the target material 
in the experiment, are not readily available. However, for 
metals the sublimation energy per unit mass is typically on 
erg/em, similarly «/C is 10° tcm*/sec, and 6 45 on the order 
of 10 g/cm>. iileretome.. 10r Manosecond pulses. the threshold 
Meieedensity, 6, tor typical metals 1S approximately 


ie 2 Ga. Me | ile 
10 Cre ci Sec, or 0 /em = Since thisscalculation was 





based on parameters characteristic of metals, one can expect 
the threshold for Mylar to be no greater than this value. 
The flux densities provided by the K-1500 laser system used 
iets Stlidy were well above this value, with operational 


9 W/om¢ ang. 4 ox 10° W/cm. For 


fluxes ranging between 1 x 10 
energy flux densities well below the threshold value no 
Vaporization of the solid occurs and the previously mentioned 
Seemacron results; that is, the absorbed optical energy is 
peormally conducted into the solid, thus heating the solid, 
tees brings about no phase change to the vapor state. 
Yee Creation of a Plasma 

ittetne = 1 angemoen tliuxsdensities sticghtly greacerecenan 
Poot required for vaporization the temperature of the 
Vaporized matter is small in comparison with those at which 
Semiuicant 1Onization occurs. Since the important process 
Mameier investigation was the laser-plasma interaction, 1.e., 
the absorption of optical energy by the plasma, only the 
eymamics for the case of laser flux densities which are well 
memmene excess Of threshold densities will be treated. 

Picnic lixedensitiles Of interest net only "Gause 
@eemomeaking Of the atomic bonds in the solid material, 
emereby forming a vapor, but also result in such sufficiently 
high temperatures so as to cause ionic and atomic excitation, 
mmeethus the creation of a highly 1onized plasma. This 
highly ionized plasma in turn absorbs the electromagnetic 
energy of the laser beam. 

because Ole the very high flux densities a small 


amount Of solid material is vaporized early in the Q-switched 





laser pulse. The blow-off material is further heated by the 
absorption of the incoming laser radiation becoming thermally 
Pmaemultiphoton ionized, and opaque to the incident light. 
Because the vaporization and ionization energy is small 
compared to the high energv contained in the laser beam, 
itest Of the energy in the pulse will be absorbed by the 
plasma created, thereby increasing the temperature of the 
plasma which in turn thermally radiates. The end result is 
the creation of a high temperature plasma with a high elec- 
Meommdensity. The details of the interaction of the laser 
beam with this plasma will be considered in II.B. 

A relativelywelear physical picture of this unique 
method of plasma development can be obtained from a model 
proposed by Caruso [Reft. 1]. A brief Summary of his model, 
Without introducing the mathematical details of his theo- 
geereal predictions, is appropriate. 

Essentially, three processes are involved. The first 
of these is the absorption of the intense laser energy flux 
Within a thin absorbing layer, F. Here the electron colli- 
meee frequency 1S Surficiently high enough that even a small 
meGeentage 10Onization causes the laver to become opaque To 
the beam thus resulting in the absorption and transformation 
of the optical energy to thermal energy. The second process 
ms) characterized by the expansion of an extremely fast and 
hot plasma jet, J, from the surface of the solid with a 
Veloce) LY V5: The third process is the resulting propagation 


Sean ordinary Shock wave, S, into the solid with a velocity 





V1- Piticwobaveminclifes tie conservation Of momentum, and 
Shock heating of the target material. The densities of these 
faases are characterized by Py and Pp, as SOW Mee ils ee cee 
Notwithstanding the somewhat simplistic model, it 
pmevrdes some insight into the physical dynamics of what in 
reality is a truly complicated process. Also many of the 
characteristics of this model may be applied to this study. 
To begin with, the physical properties of the target 
Weeeewial are of little relevance since the light is com- 
pletely absorbed in a very thin surface laver after a brief 
period during which a small volume of target material is 
momrzed. A second applicable characteristic is that the 
eesorption of light in the plasma is a self-regulating pro- 
cess, in that a considerable amount of energy reaches the 
target surface and the plasma produced remains near trans- 


| W/em? to We : 


mamency. Since flux densities of 10 W/cm 
were assumed by Caruso, ionization phenomena which would 
apply to lower flux densities, and light reflection and 
Yadiation pressure which would apply to higher flux densities 
were neglected in evaluating the regulating dynamics of the 
Memorization process. <A third applicable characteristic 
Se tits model, one which was observed during the experiments, 
Mmethat the plasma expands normal to the target surface. 

The details of the mathematical treatment of the 
evaporization process can be found in works by Afanasév, 


eteal. [Ret. 2); Anisimov [Ref. 3], and Ulyakov [Reft. 4]. 


Such treatment is: not included here as primary attention 














is‘focused on the laser-plasma interaction discussed in the 


hMext section. 


B. LASER-PLASMA INTERACTION 

The dynamics and physical state of the plasma jet created 
are quite complex. Any thorough treatment of this problem 
would entail consideration of many phenomena such as: the 
Paseaynamics, the plasma characteristics, the absorption 
mechanism, the thermal and multiphoton ionization, and plasma 
Mediation. Any such treatment 1S beyond the scope of this 
Study and therefore will not be attempted. Instead, a basic 
discussion of the absorption process will be presented. 

1. Absorption 

iieOrderetonsdvsenmeclon, of ment and subsequeme 

heating of a plasma to occur free electrons are necessary. 
Initially the electrons are freed from the atoms by a multi- 
quantum photoelectric effect which is made possible by the 
mieense radiation at the focus of the laser Beene lonization 
err! occur in times much less than the duration of the laser 
pulse, therefore allowing the plasma to absorb the light 
in the remainder of the pulse. This absorption of energy 
meen che beam wil] occur predominantly by the inverse 
Bremsstrahlung process which involves the absorption of a 
Guantum of photon energy by a free electron. The electron 
Mmemraised to @ higher energy state within the field of an 
ion in order that momentum be conserved. The transition 1s 
Werreomted LO a5 a2 trec-free transition, or inverse 


Bremsstrahlung. 


10 





Now consider the absorption process in terms of the 
meecrdetion between an electromagnetic wave and the plasma 
Peet rons. The dispersion relation for the propagation of 
cmmelLectromagnetic wave with frequency, w, and propagation 
vector, K, in a plasma characterized by a plasma frequency, 


aS 


Wy» 


“leno = ] - (w/w) ° [ati (v_/w)] 


where Ue 1s the electron-ion collision frequency for momentum 
mm@eamster. The absorption coefficient, K, can be determined 
ieom the imaginary part of the complex wave number, k, from 


the relationship 
ee 2am (Ky) 


For the ease of Vesa in a underdense plasma, 1.e., 


a, ur, the absorption coefficient is 


K = Ve GE. (w/w) 


Ore meme d SlosmOnn ot) Ba Ne Witeh applies to optreal 
miecuencies, the classical absorption coefficient is obtained 
Peame the Boltzmann equation and treating the electric field 
Sethe electromagnetic wave as a small perturbation in a 
Mlasma which 1S in equilibrium with a temperature, T. The 
Mpsorption coefficient in this case is given by Spitzer 


Peet. G6) and Readv [Ref. 7] as 


K = Wi) sn) (n,n, 2°2°/hem?/*y>) (1-exp (SY) (1) 


it 





The term [l-exp (-hv/«xT)] takes into account the reduction 
of the absorption coefficient by induced emissions, i.e., 
Eeinsstranlung. For neodynium laser light this term is 


SOK ancien) (Qiao T 10" 


aepmoximately one for T << 10 ak: 
Therefore, for the latter case, i.e., high temperature 


plasmas, the absorption coefficient becomes 
1 
K = 4/3(2n/3)*(1/meT)°/? (nn, 272°/cv7) (2) 


Memrece the fundamental difference between equations (1) and 
femeies in their functional dependence on the plasma tem- 
Memature and frequency of the light. 

Eres ieduirenrcitwtonectrle rem mecatine Of vine plasma 
is that the plasma be of dimensions on the order of 1/K, 
otherwise if larger, heating will not be uniform, and if 
Emarler, the plasma will be partially transparent and energy 
Time be lost. One of the most difficult aspects of trying 
memecst the classical absorption coefficient against the 
Mibetcmas created during this study is of course the problem 
Seematching the continuously changing plasma properties to 
Seiecin a Valid absorption coefficient. 

bepono liemwrwean CVen peMetrate Into tne plasma, 
meee trequency of the light must be greater than the plasma 

3 +5 


frequency , v5) which is given by, Vy = 53) GN” de where 


n, as 1n Sl ecEone(ere. In the case of neodynium laser light, 


Peas). 06 um or v = 2.83 x 1014 See PReTeTLOTe the —Critilea! 


: : 5 ; 
electron density 1S on the order of oe electrons-cm~ which 


Pmonl am onder Ot Magnitude lower than the electron 


i 
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densities of typical solids. Plasmas of higher electron 
@em@oities will reflect the incident laser light and greatly 
meee the probability of penetration into the plasma. 
Because of the rapid expansion of the plasma (typically 


Z eal 
Gii-Sec 


about 10 jemeneeelcetron density will quickiy drop 
memew the critical density, allowing propagation and absorp- 
Bom tO readily take place. 

After the absorption of light energy by the electrons 
pweseaquent transfer of energy to the ions occurs via colli- 
Sion. The equilibration of the ion and electron temperatures 


mee plasma where Maxwellian velocity distributions are 


assumed is governed by the following relaxation equation 


dT/dt = ey ee 


where tea? the time of equipartition in seconds is given 


aemroximately by Ready [{Ref. 7] as 


t £252 AT /2/n_271nA 
eq e 


fire A 1S the atomic weight of the ions, T is the tempera- 
mmemeit Kelvin, Z is the effective ion charge, and ne LSE oS 
eeectron density in cm >. For a Q-switched laser pulse of 
about 20 nsec the equipartion time will be much shorter than 
the laser pulse. Consequently the assumptions may be made 
that transfer of energy between the electrons and ions 
SeLectively occurs during the laser pulse, and that the ion 
ar eleGtronm temperatures are equal. 


The foregoing presentation of the absorption mech- 


anisms ditferent im principle from non-linear anomalous 


Al: 





absorption, which has been experimentally observed only in 
moeemlcrowave region [Ref. 9]. Theoretical predictions by 
Postevalov {[Ref. 10) and Silin [Ref. 11] along with a 
humerical computer treatment by Kruer, et al. [Ref. 12] 
indicate the existance of anomalous absorption in the optical 
frequencies. The use ofweakly turbulent plasma theory 
results in an anomalous absorption coefficient which is pro- 
pemteional to the square of the electric field intensity of 
the electromagnetic wave. Anomalous absorption results when 
electric field intensities above specified threshold values 
Meeeract With the plasma. Although very high degrees of 
meeorption were observed in this experiment, as much as 90% 
of the input energy, no conclusive statement may be made 
meecarding this mode of absorption. 

By COMsSiderimoe therconservation of energy, 


dE aps dE on d(kT .) 


ie ade de 


that is, the rate of energy absorbed from the laser beam is 
equal to the rate of ion energy increase plus the temperature 
Tise of the electrons, Dawson [Ref. 8] has solved this prob- 
lem with the use of several simplifying assumptions, such as, 
Gesphnerically symmetric plasma with a constant number of 
particles of homogeneous spatial density and particle tem- 
merature. The assumptions used in his calculations may not 
@entultilled by the plasmas produced in this study. Regard- 
Mess Of the angle of incidence of the laser beam to the 


SMe adce. tie plasma expands normal to the surface, and the 
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density gradient is large near the surface during the pulse. 
meeaise Of the greater complexities involved in the plasma 
production from large surface targets, a similar mathemati- 
Gaiweapproach to this problem would be extremely difficult. 

Moe kagiation and Scattering 

Consider next, two processes which might have 

affected the absorption measurements in this experiment, 
Namely plasma radiation and scattering. Since in the case 
Oz neodynium laser light E = hw = 1.17 eV, the photon energy 
is much less than the electron rest mass (.511 MeV), the 
@m@essical total cross section for scattering of a photon by 
mame lectron can be applied. It 1s given by 
2 


0 
Z 
ic 
e 


Bo 81/3 = fo GS 10°4° eric 











Therefore, with the mean free path given by 


meoea plasma at the critical electron density, the Thompson 
feaeeering mean free path 1s about 15 meters so that scat- 
tering can be considered entirely negligible in comparison 
With the absorption process. 

SMa wee molaciaeeradlationemlay also be nes lected: 
Meeshow this, it is assumed that the plasma radiation is 
black body radiation for frequencies for which the absorp- 
tion length is less than the plasma radius, and Bremsstrah- 
lung for frequencies for which the absorption length is 


Createreenan the plasma radius. Black body conditions exist 


15 





Semiy during the heating of the plasma, when the surface 


Jere), The radiated 


area and temperatures are small (T < 10 
power under these conditions are negligible when compared 
@omtne Laser input power. Later in the heating and simul- 
taneous expansion process, the plasma becomes transparent 
moemtes OWn radiation and the significant radiation is due to 


Bremsstrahl-ng losses. These losses are governed by the 


equation 


TL: eet 


4 2 
Z n; Lay em 


1 a en eS 


where n, is in ai ame deeen degrees Kelvin. 

In order to determine an order of magnitude of these 
radiated power losses, estimates must be made of both the 
density and temperature since these plasma parameters were 
meee asured in the experiments. To begin with, based on 
the hole sizes left in the 5 mil Mylar targets, the average 
galls! Dees) 

Ginx 


volume of material removed was approximately 9 x 10 m 


Tnierefore, assuming the target density to be Melee cm >, 
approximately 9 x mone atoms were removed from the target. 
Poeaeedata Obtained from the self-induced magnetic field 


measurements were used to estimate the effective plasma 


femme at the peak of the laser pulse. The volume was 
1 3 


determined to be about 4 x 10 ~ cm~. Assuming the ions to 
memcoubly LOonEzed;, 1.¢€., Z = 2, implies a plasma electron 
density , Ny» of about 2 x Oe ai) The temperature, IT, 


mougily calemlated using E = Nel, where E 1s the energy 
abeqrbed by tie target, and N is the number of electrons and 


10ns, was estimated to be about 2 x 10%°K. BOr tie: «oem 


16 





momcets the hole diameters, for Similar energies, were 
approximately equal to those in the 5 mil targets. There- 
more. che Cémperatures in the plasmas produced from the thin- 
MereMyilar are greater by a factor of ten. Both estimates of 
Ne and T are in good agreement with measured values obtained 
in several similar experiments [Ref. 7]. Using these values 
the radiated power is approximately 10° W. Therefore, 
assuming the radiation to expand spherically with a Pe 
attenuation, the effect on the absorption measurements, when 
compared to the laser powers used in the experiments 


(300 MW), is negligible. 


is 





Mie.) APPARATUS 


A. LASER SYSTEM 

The high power, nanosecond light pulses required were 
provided by the Korad Model K-1500 laser system. The com- 
Moments Of this system include the K-1 laser head (oscilla- 
ome the K-2 laser head (amplifier), a Pockels cell, a 
mmeoed Cycle cooler, a 5 kilovolt and 10 kilivolt console 
heusing the energy storage capacitors for the K-1 and K-2 
laser heads respectively, and finally the necessary optical 
Goupling components. Typical operational ranges and charac- 


Meristic Outputs of the laser during the experiments were: 


Pie oy, oO veres 


Peak Power 400 MW 
Pulse Width (at half maximum) 23-260 nsec 


Waveleneth ie 0'o- ui 


A photograph of the laser heads and pockels cell is shown 
Meroe. 2. 
1. Pockels Cell 

The Pockels cell functions as an adjustable optical 
Meeowitch after the firing of the flashlamp. The time may be 
adjusted to correspond to the maximum inversion of the doping 
mems im the laser crystal. Plane polarized light emerging 
through the Brewster stack from the neodynium rod in the K-1 
laser head is incident on the Pockels cell. When the crystal 


Pewinolasca times light preceeds through the crystal 
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(Potassium Dihydrogen Phosphate crystal), with no change in 
mes polarization, and strikes another polarizing stack 
normal to its preferred plane for transmission. It is there- 
memee reflected and not transmitted through to the reflecting 
Marror. On the other hand, when a one-half wavelength longi- 
paotal electric field is applied to the crystal, the polar- 
meameron 1S retarded by 90° by the crystal, enabling the 
Meet to pass through the polarizing stack to the ee ailtee eno 
optical mirror behind the Pockels Cell. The reflected Meese 
passes back through the crystal, undergoing an additional 
meeeretardation of the electric field vector, and returns to 
the neodynium laser rod thereby completing the Q-switching 
@aeenc optical cavity. 

Peek -l and K-Z laser Heads 

With few exceptions the K-1 and K-2 laser heads are 
memeerurally and functionally similar. The essential com- 
Mememts Of the laser heads are a helical, Xenon gas filled 
iieashilamp, a Pyrex ultraviolet light shield, a cylindrical 
milumimumnm reflector, and a neodynium glass doped laser rod. 

A Cross-sectional view of the K-2 laser head is shown in 
roo, 4. 

Fe einige time ascer “K-l “head as initiated by dits= 
merging up to 5,000 volts (10,000 volts for the K-2Z) from 
@ienwk-l power console through the Xenon lamp which results 
in a peak current flow of several thousand amperes, causing 
the gas to be heated to temperatures of about 6000°K. The 


resultant optical energy from the lamp is then absorbed by 





the neodynium laser rod resulting in the required population 
[im~ersion tor lasing. The ultraviolet shield reduces the 
Deswmpt lity Of absorption of short wavelength radiation which 
@amecause damage to the rod, while the reflecting aluminum 
surface enhances the absorption probability od the flashlamp 
energy. Both the flashlamp and the laser rod are submerged 
m@imetarculating deionized water to provide effective cooling, 
reduce rod damage, increase lamp life, and maximize Cpietea| 


coupling between the laser rod and the lamp energy. 


Peet ARGET CHAMBER 

The target chamber was designed by Leslie L. McKee speci- 
Hically tor the purpose of studying laser produced plasmas. 
memes CONStructed of aluminum and contains six ports which 
Same used for viewing or diagnostic instrument insertion. 
During this experiment all ee poOres=were utilized. “With 
tEmestarget mounting device, approximately twenty-four 
Peparace shots could be made on the same target. The target 
hemeder was capable of being rotated by an external knob. 
iiiementrance port for the laser beam contains an adjustable 
lens which allowed the laser beam to be focused onto the 
target. In addition the chamber is connected to a vacuum 
fyeecem Capable of maintaining pressures of about ise microns 


memene atmosphere. The target chamber 1S shown in Fig. 3. 


C. RADIOMETER 
The RN-1 Laser Radiometer, developed by Westinghouse, 


was utilized to obtain absolute energy measurements of the 
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Gememitted laser pulse, as well as to calibrate the photo- 
Gmede which monitored the input laser pulse. 

The radiometer consists of a bolometric calorimeter 
Women iS part of a conventional Wheatstone bridge circuit. 
The bolometer element contains a bundle of fine insulated 
Gopper wire. When placed in the path of the laser beam, the 
copper wire absorbs the beam energy thus heating the wire 
meer aising its resistance. The change in resistance of the 
wire 1S propor tional towthe wenergy absorbed and essentially 
meeeeendent of the distribution within the wire. Being an 
im~eeoral part of the Wheatstone bridge circuit, the change 
mumeresistance results in a change of balance of the bridge. 
Pemeeourement of this change of balance yields an indirect 
fee agrement of the beam energy. Use of the Kiethly Model 149 
microvoltmeter to measure this imbalance enables the follow- 
oeomompirical formula to be uséd to calculate the energy 


of the beam: 
reading in microvolts x (1/625) = laser beam energy in joules 


Sime caution had to be observed to insure that energy 
demerties of 2.5 j-cm’ were not excluded, in order to avoid 
Possible damage to the insulation on the fine copper wire. 

The main advantage of using the radiometer detection 
system over that of the available Korad calorimeter was that 
at was unnecessary to obtain temperature equilization, thus 
eliminating waiting for extended periods between laser fir- 


ings. Another advantage was that the lighter, more compact 


Zok 





bolometer element was the most compatible for use in the 


limited laboratory arrangement. 


eee PHOTODIODES 

trmaereal to the monitoring of both the incident and 
transmitted power pulses were two fast photodiodes. One was 
the Korad K-Dl and the second was a unit developed in the 
NPS Plasma Facility by Hal Harriman primarily for use in 
this experiment (see Fig. 5). 

The K-Dl system is designed to yield both the power and 
mimeerated power (energy) signals. Its utilization in this 
experiment was solely limited to the monitoring of the input 
Meser beam. In order to insure that the sensitive photo- 
diode was not damaged by the high laser flux densities, 
attenuation of the beam was necessary. Since at the same 
time high powers were required for plasma production, the 
Pee beam was monitored with the aid of a beam splitter, a 
femenral density filter and a magnesium oxide diffusing plate 
(seeeric. 6). The beam splitter was positioned between the 
miremeand the target chamber to reflect about one percent 
of the input laser beam while allowing the remainder of the 
meme to pass through to the target. This reflected beam 
was further attenuated by reflecting it from the diffuse 
fmerlceting suritace of the magnesium oxide plate. The power 
reaching the photodiode from this surface is 


P = P. cos8 AL 
in 2 
TD 


ae 





Wimere 90 1S the angle between the normal to the surface and 
fee photodiode; A is the area of the photodiode, and D is 
tee distance from the photodiode to the diffusing surface. 
This approximation is valid when D is larger than either 
the diameter of the beam or the detector, which was the 
case in the experimental set up. Finally, two neutral 
density filters with a combined index of 3.0 was inserted 
imeenomwe OF the photodiode to further attenuate the beam 
by moo” 

ieimsuring that the components of the beam monitoring 
arrangement remained fixed throughout ‘the experiment made 
Peeorole the calibration of the K-D1l photodiode systen, 
thereby eliminating the mecca ty HOR LesS a2ccultratewenca- 
meted! Calculations of the input powers and energies. The 
femiroultput was calibrated by plotting the integrated power, 
Smeemersy, Signal against the energy of the beam as measured 
Poeeieecne RN-| radiometer described earlier. 

several circuit design precautions were necessary in the 
fee Lor photodiode produced laser pulse displays. Because 
Semeae fast nanosecond pulses the output impedance of the 
photodiodes had to be carefully matched into the oscillo- 
Scopes, otherwise energy reflections and troublesome ringing 
distorted the signals. Cable lengths had to be minimized 
to reduce the stray capacitance which also distorted the 
aesired photodiode signals. 

The nanosecond response times of the fast photodiodes 


and broadband oscilloscope were easily lost in poor design 





Seeload and input circuitry. This prompted the design and 
Semstruction Of the photodiode system shown in Fig. 5 for 


Mise in Observing the transmitted laser pulse. 
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Meee ee IMENTAL PROCEDURE 


mie K-US00 laser system was used to focus me to nine 
joule pulses, with widths at half maximum power of twenty- 
three to twenty-six nanoseconds onto five mil and one half 
fee Mylar targets. 

Each input laser pulse was monitored by inserting a 
beam splitter in the path of the beam between the laser and 
fremeearget Chamber. Approximately one percent of the input 
Beam was reflected onto the magnesium oxide diffusing plate 
ieee the Korad K-Dl photodiode. The photodiode output was 
calibrated and monitored Usman leet ron! < 5642 (S tenadc 
Seerplloscope. The laser beam entered the vacuum chamber, 
which was maintained at pressures ranging from ea al Pal erene se 
memone atmosphere, at an incident angle of thirty degrees 
imenme tie normal to the target surface. 

Pw LASMA RADIATION, SCATTERING, AND TARGET 

RerleCl TON MEASUREMENTS 

In order to investigate the significance of possible 
plasma radiation and scattering, the first measurements were 
faxen using both the radiometer and photodiode systems. 
Meese elements were placed opposite each of the viewing 
ports on the target chamber. No significant observations 
were recorded by any of these devices of any light coming 
from these ports, indicating little or no reradiation or 


Scattering by the plasma. Included in these measurements 


is: 





bewe, those taken from the port which was at the same angle 
from the normal to the target as the incident angle of the 
mreoming laser beam. Negative observations from this par- 
ticular port indicated no loss of the laser beam due to 
Hemrections from the target surface. As a further check, 

a bandpass filter corresponding to the wavelength of the 
neodynium laser light (A = 1.06 um) was inserted in front of 
Miempnoetodiode. The traces obtained showed the same per 
centages of transmitted emerey thereby, Supportinen enc 
assumption that reradiations would not affect the absorption 


Weasurements. 


pee BOOLUTE ABSORPTION MEASUREMENTS 

Absolute energy absorption measurements were obtained by 
feeeeine the radiometer opposite the rear port of the target 
chamber which was located behind the target, in line with 
the laser beam. The experimental arrangement for absorption 
measurements is shown in Fig. 6. Measurements were obtained 
in order to determine the functional dependence of the 
absorbed energy on the incident laser beam energies, and on 
the background pressures. The results of these measurements 


Paemcr1scussed in the next section. 


fee JiME RESOLVED POWER MEASUREMENTS 

In order to investigate the time dependent behavior of 
mie absorption process, two different procedures were util- 
ized. Both methods employed the photodiode systems explained 


previously. The first method entailed the placement of a 
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Magnesium oxide diffusing block behind the rear port of the 
banget chamber. The fast photodiode was used to observe 
mee reflection of the transmitted beam off the diffusing 
Dlock after it had passed through the target. The output 
of the photodiode was recorded and photographed on a 
Textronix 7709 oscilloscope. <A second shot was then made 
Byeeremoving the target. The photodiode output was again 
photographed or superimposed over the ers eet are recording 
both the "incident" and transmitted laser pulses. The 
oscilloscope monitoring the photodiode was triggered 
externally by the input laser pulse to insure a standard, 
fmmerorm trigger so that the corresponding time frames for 
Pemiestgnals were identical. Care was also taken to include 
only those exposures in which both laser pulses were of equal 
fw@ermeies. The second method:of obtaining time resolved 
Gicaplays of the input and transmitted pulses utilized both 
photodiodes and two independent oscilloscopes. After cali- 
beeing the two photodiode outputs simultaneous traces were 
maeenwor the incident and transmitted laser pulses, with the 
results being replotted onto one graph. Because of the 
Gaeeerculties in calibrating both the time and vertical 
mealies Of the two different oscilloscopes, and the inherent 
6G@rors in transposing these results to one plot, it was 
found that the first method produced the more reliable 


mesults. 
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¥V. RESULTS AND CONCLUSIONS 


Typical examples of the high temperature plasmas formed 
meom the Mylar target during this study are shown in Figs. 
7a and 7b. 

The measurements taken to determine the significance of 
wemeecr, reflection and reradiation ee hE laser beam 
energies were $6 insignificantly small that at times there 
fmieemnoe detectable registration on the microvoltmeter, thereby 
confirming theoretical predictions that these processes 
would have negligible effects on the absorption measurements. 
ites background pressures of Le = microtorr to one atmosphere 
also had no effect on the absorption measurements. This was 
expected since in the short times of the laser pulse the 
©ension dynamics of the plasma would not be altered by 
caem low background pressures. Tfhis may not be the case, 
Memwever, at much greater pressures. 

fewres 8a and 8b Show the results of the absolute 
emeroy absorption measurements for both the 5 mil and «5 mai 
Memeer targets. Both targets were similar in that the 
absorbed energies displayed a linear dependence on the 
Meervdent laser beam energy (Fig. 8a). It 1s interesting 
memnote that within the energy ranges ¢€xamined the slope 
of beth graphs are essentially identical. At the same time, 
however, the percentage of energy absorbed in the case of 


the .5 mil target was much lower than that for the 5 mil 
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target (Fig. 8b), the percentage of energy absorbed in the 
9 mil target ranging between 78-90%, while the percentage of 
energy absorbed by the 5S mil target fell between 44-73%. 
iie percentage absorption for the 5 mil target dropped off 
eaanply for energies less than five joules. This could 
result from the transparency of the plasma due to decreased 
1onization levels at the lower power densities. The linear 
@emendence of the absorbed energy on the incident energy is 
unknown. However, one possible explanation ster tae imetedsc 
fim the absorbed energy might be that the absorption coeffi- 
miemt 1S increased. Throughout the experiment the hole size 
Peeeobpserved to increaSe with increasing laser energies. 
This meant a greater number of target atoms were converted 
mea the plasma which in turn could cause a decrease in 
temperature. Assuming the absorption coefficient to be 
meversely proportional to the temperature, as is the case 
meme classical absorption coefficient, a decrease in 
temperature would lead to an increase of the absorption 
Seotticient. Implied in this reasoning is that the absorp- 
meom OCCUrsS at denen tee near the critical densitics. slau 
mime explanation may also account for the observed decrease 
fimethne amount of energy absorbed by the thinner, .5 ml 
@areet, in comparison with the 5 mil target at equal incident 
beam energies. 

ihe time resolved plots of the absorptiom process us 
Gamand 9b), using the first method described Garliex) elcar 


substantiate the higher percentage absorption of laser 
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energies by the 5 mil target and the lesser degree of absorp- 
tion in the .5 mil target as determined by the absolute energy 
absorption measurements. Of particular interest is the con- 
firmation of the peculiar double peaked nature of the trans- 
foeeted pulse, as reported by Tuckfield and Schwirzke [Ref.13]% 
Mete that, because of the high plasma densities early in the 
formation, the plasma is opaque to the incident laser light. 
After the first five to fifteen nanoseconds, when the plasma 
has expanded surficiently to drop the particle densities below 
the critical density, the plasma transmits and absorbs the 
emerey of the incident beam. It is conjectured that the unex- 
moeced behavior of the transmitted pulse, that 18, the first 
decrease in the transmitted pulse, is due to optimal absorp- 
fom conditions in the eee which result im 42 decrease an 
me transmitted pulse in spite of the incréasSing incident 
pase. 

Unfortunately, only qualitative explanations may be given 
momeanalyzing the results of this study. Im onder to derive 
femme quantitative results from similar absorption studies, 
mime critical plasma parameters, such as Species density and 
temperature distributions, must be determined. Therefore, 
tikely extension of this work would entail plasma diagnostic 
studies of the plasmas produced by this unique method. Such 
investigations would, in turn, provide more meaningful 
insight into the qualitative results Obtaimed | ih) tile es eure 

The author wishes to thank Dr. Fred Schwirzke and Larry 
McKee for their expert assistance regarding plasma physics 


theory and the results of this work. In addition, the author 
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meemoratetul to Mr. Hal Herriman, for his technucal wadvice 


imrailt phases of the experiment. 
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Maeure 2. Pockels Gell; and Ko=leh-2 laser Header. 





Figure 3. Target Chamber. 
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Figure 7a. Plasma Formation, Pictured with a Magnetic Probe. 





Figure 7b. Plasma Formation. 
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Figure 8a. Input Energy VS 4ibeorb fnercd,. 
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Figure 9b. Input and Transmitted Power 
Measurements (.5 mil Mylar). 





IN 


IAs 


EZ 


Ih ee 


BIBLIOGRAPHY 


Caruso, A., Bertotti, 8. Guipponi.eeeye Toni z erence 
Heating of a Solid Material by Means of a Laser Pulse," 
NUOVO CimentOn) V- > ob ee pl 7 Gpeeeocr 


mpanasey, Yu. Ve-and Krokhin, QJoy “Vaporization of atten 
Exposed to Laser Radzwation,” “Scetern Payvcones se ee 
eee OV De OO. Aho oN eG 


Anisimov, S. I., "Vaporization of Metai Absorbing Laser 
Radiation," Soviet Physies eur. 7e8 77 ere eo ce 


Ulyakov, P. I., "Some Laws Governing the Breakdown of 
solids by Laser Radiation, Sevtet- Phy sicca ume 
CEs DO yore 


Caldirola, P: and Knoepfel 57H. , eds yeh) teseo. men 
Enerey. Density, p.. 2/8-352.. Acadenves: ess one 


epitzer,; L.; Physics of Fully Veomuzed Gases sulnter-c cine 
Publishers Imey,. 1oso- 


Ready, J. F., Effects of High ewe laser. haa tacnons 
Academic Press, 1971. 


Mawson, J. M., “Om the Production of Plasmas 2 Git 
Pulse Laser," Physics of Fluide (2.6) peo ee oes 


Gekker, I. R. and Sezukhin, D. Vi38 Anomalous 4ecornt en 
of a Powerful Electromagnetic Wave in a Collisionless 
Plasma,’’ JETP Le@tt., ve Oy peo ee oe 


Pustovalov, V. V. and Silin, V.P.. © Anomalous fr serp elem 
of an Electromagnetic Wave by a Plasma," Societ 
PRYSaes-JEITP, Vo US25 pe io ope see 


Salin, V. P..,. “Contribution to they incor. ot eearone cr ie 
Interaction Between an Ultrahigh Frequency Field and a 
Plasma,"’ Soctet Physics JED yy eso Cee ror 


Kruer, W. Ls, Kaw, P.. K., Dawson ,vJeeeie ee and seb e ana ere 
"Anomalous High-Frequency Resistivity and Heating of a 
Plasma;’ Phys. Reva lett. V. 62a epee oe nay ue 


TMckiveld, Re Ge and Schwirzke, Rag) nantes jot. ace 


Created Plasma Expanding in a Magnetre Field,” Piasma 
Pisces. Ve. dale, poe wlio oor 


40 





> 


INITIAL DISTRIBUTION TIS! 


No. Copies 
Defense Documentation Center a 
Cameron Station 
Patexandria, Vireiniaa 22514 


bebprary, Code 0212 2 
Naval Postgraduate School : 
Monterey, California. 93940 


Assoc. Professor Fred R. Schwirzke, Code 61 Sw 2 
Department of Physics 

Naval Postgraduate School 

Monterey, California 93940 


CPT Dean M. Kunihiro il 


1497 Pebblehurst 
Monterey Park, California 91754 


4] 


= 





Wine@lNool FIED 


Secunty Classification 











DOCUMENT CONTROL R&D 


title, body of abstract and indexing annotation must be entered when the overall renort is Classified) 





(Security Classilication of 





1 ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION 


Unclassitied 


2b. GROUP j 


OF LASER RADIATION BY A LASER PRODUCED PLASMA 










Naval Postgraduate School 
Memeercy, California 93940 







3 REPORT TITLE 


THE ABSORPTION 


iP OESCRIPTIVE NOTES (Type of report and, inclusive dates) 
Master's Thesis: June B57 | 


5. AUTHOR(S) (First name, middle initial, iast name) 








Dean Masao Kunihiro; Captain, United States Army 
6. REPORT DATE Seaman —- Je. TOTAL NO. OF PAGES 7b. NO. OF REFS 
ame | 97-2 43 13 | 
Ba. CONTRACT OR GRANT NO. = 9a. ORIGINATOR'S REPORT NUMBER(S) 7 
lb. PROJECT NO. 


Cc. 9b. OTHER REPORT NO(S) (Any other numbers thet may be essigned 
this report) 


d. 


10. OISTRIBUTION STATEMENT 


Approved for public release -; distribution unlimited. 


R11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 
Monterey, California 935940 





513. ABSTRACT 
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Deen the S and .5 mil targets is linearly dependent on tic 
imput energy. At the same time, however, the percentage of 
energy absorbed is greater in the 5 mil target (78-90%) than 
mcne .S mil target (44-73%). Increa@sed plasmaptemser2 une. 
foith at higher input energies, and from the .5 mil @targer— 
fee, partially account for these observed=re-u) a omc 
resolved measurements of the incident and transmitted laser 
power pulses were also taken in order to determine the time 
dependent behavior of the absorption process. The results of 
these measurements substantiated that greater percentages of 
energy were absorbed by the 5 mil target. In addition, the 
measurements revealed a decrease, followed by an unexpected 
increase, in the transmitted power which would indicate that 
epcimum absorption Conditions exist relative aa) during 
the expansion of the plasma. 
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